The iron-sulfur flavoenzyme adenylylsulfate (adenosine 5-phosphosulfate, APS) reductase catalyzes reversibly the reduction of APS to sulfite and AMP. The structures of APS reductase from the hyperthermophilic Archaeoglobus fulgidus in the two-electron reduced state and with sulfite bound to FAD are reported at 1.6-and 2.5-Å resolution, respectively. The FAD-sulfite adduct was detected after soaking the crystals with APS. This finding and the architecture of the active site strongly suggest that catalysis involves a nucleophilic attack of the N5 atom of reduced FAD on the sulfur atom of APS. In view of the high degree of similarity between APS reductase and fumarate reductase especially with regard to the FAD-binding ␣-subunit, it is proposed that both subunits originate from a common ancestor resembling archaeal APS reductase. The two electrons required for APS reduction are transferred via two [4Fe-4S] clusters from the surface of the protein to FAD. The exceptionally large difference in reduction potential of these clusters (؊60 and ؊500 mV) can be explained by interactions of the clusters with the protein matrix. S ulfur compounds are widely used for energy conservation by several bacterial lineages and one hyperthermophilic order of Archaea, the Archaeoglobales. In the dissimilatory pathway the terminal electron acceptor sulfate becomes reduced to hydrogen sulfide, a process that is used for energy conservation (1). This pathway has to be distinguished from the assimilatory sulfate reduction in plants and bacteria, where the hydrogen sulfide is used for the biosynthesis of cysteine and S-containing cofactors. In the sulfur-oxidizing pathway sulfide, elemental sulfur, and thiosulfate serve as electron donors, and sulfate is the final product.
S
ulfur compounds are widely used for energy conservation by several bacterial lineages and one hyperthermophilic order of Archaea, the Archaeoglobales. In the dissimilatory pathway the terminal electron acceptor sulfate becomes reduced to hydrogen sulfide, a process that is used for energy conservation (1) . This pathway has to be distinguished from the assimilatory sulfate reduction in plants and bacteria, where the hydrogen sulfide is used for the biosynthesis of cysteine and S-containing cofactors. In the sulfur-oxidizing pathway sulfide, elemental sulfur, and thiosulfate serve as electron donors, and sulfate is the final product.
The pathways of dissimilatory sulfate reduction and sulfur oxidation involve three key enzymes localized in the cytoplasm or at the cytoplasmic aspect of the inner membrane. Sulfate has to be activated to adenylylsulfate (adenosine 5Ј-phosphosulfate, APS) by ATP-sulfurylase (EC 2.7.7.4) at the expense of ATP, APS reductase (EC 1.8.99.2) converts APS to sulfite and AMP, and sulfite is reduced to sulfide by sulfite reductase (EC 1.8.7.1): AdeO 3 POSO 3 2Ϫ (APS) ϩ 2e Ϫ 3 AdeOPO 3 2Ϫ (AMP) ϩ SO 3 2Ϫ . In the sulfur-oxidizing pathway these three enzymes operate in the reverse direction, liberating electrons and ATP.
The molecular parameters including mass, subunit composition, and cofactor stoichiometry of APS reductase, which had been characterized from diverse sulfate-reducing and sulfuroxidizing organisms, have been a matter of debate. Most recently, highly active APS reductase from sulfate-reducing and sulfur-oxidizing bacteria and archaea was isolated as a 1:1 ␣␤-heterodimer with a molecular mass of Ϸ95 kDa (2) . The ␣-subunit (Ϸ75 kDa) contains a noncovalently bound flavinadenine dinucleotide (FAD), and the ␤-subunit (Ϸ20 kDa) contains two [4Fe-4S] clusters of the ferredoxin type (2, 3) . The spectroscopic properties of these APS reductases, especially UV͞visible and EPR spectra, are practically identical. Thus, the redox cofactors appear to be embedded into a strictly conserved protein matrix. Sequence comparisons of enzymes from mesophilic eubacteria and hyperthermophilic archaea support the hypothesis that both APS reductase and sulfite reductase were present in the last common ancestors of archaea, bacteria, and Eukarya (4). Here we describe the three-dimensional structure of the iron-sulfur flavoenzyme APS reductase from the hyperthermophilic archaeon Archaeoglobus fulgidus (5) . The protein was purified and crystallized under strict exclusion of dioxygen. Under these conditions the FAD cofactor is in the two-electron reduced state (APSR-red), whereas both Fe-S centers are in the oxidized state. Soaking of these crystals with APS resulted in the reductive cleavage of APS and formation of a FAD-sulfite adduct (APSR-sulfite).
calculated from the [4Fe-4S] clusters positions by using ML-PHARE (10) and SHARP (12) . The quality of the generated solvent f lattened electron density map, and the position of the heavy atoms allowed to mask each ␣␤-heterodimer and to determine the noncrystallographic symmetry operator. After 2-fold molecular averaging using DM (10) a nearly complete polypeptide chain including most of the side chains could be incorporated into the electron density map. The refinement of the APSR-red and APSR sulfite structures was performed by using CNS and converged to an R cryst of 17.6%͞16.0% and R free of 19.8%͞17.6%. The figures were produced by using BOBSCR-PIT (13) , DINO (www.bioz.unibas.ch͞ϳxray͞dino; ref. 14) , and RASTER3D (15) .
Overall Molecular Structure. The structures of two-electron reduced APS reductase (APSR-red) and of enzyme reacted with APS (APSR-sulfite) were solved at 1.6 and 2.5 Å resolution, respectively. The APSR-sulfite structure contained an FADsulfite adduct, showing that APS was cleaved by APSR in the crystalline state. The formed AMP could not be assigned unambiguously in the electron density. There are two ␣␤-heterodimers in the asymmetric unit that form a tight ␣ 2 ␤ 2 -heterotetramer ( Fig. 1) . Investigations of the enzyme using dynamic light scattering and gel filtration indicated that APS reductase from several organisms formed an ␣␤-heterodimer in solution (2) . The difference between solution and crystal state is most likely caused by the protein concentration and buffer conditions. Thus, the functionally essential unit is the ␣␤-heterodimer. The heterodimer has a compact shape with dimensions of 56 ϫ 65 ϫ 70 Å. The globular part of the ␤-subunit is embedded into a shallow hollow of the ␣-subunit, whereas its long tail wraps around the ␣-subunit (Fig. 1) . 
where 5% of the observed structure factor amplitudes are not used for refinement. Structure of the Two Subunits. The structure of the ␣-subunit can be grouped into the so-called FAD-binding (A2-261, A394-487), helical (A488-643), and capping domains (A262-393; Fig.  1 ). The global fold of the ␣-subunit is reminiscent to that of the fumarate reductase structure family. The rms deviations between the ␣-subunit of APS reductase and the corresponding parts in aspartate oxidase of Escherichia coli (16) and fumarate reductase of E. coli (17) , fumarate reductase of Wolinella succinogenes (18) , and fumarate reductase of Shewanella frigidimarina (19) are 3.9, 2.6, 2.9, and 3.1 Å, respectively, calculated for 70, 81, 82, and 58% of the C␣ atoms of APS reductase (20) . The sequence identities between the aligned residues are just 21, 20, 19, and 15%, respectively. Because the anaerobic sulfur metabolism evolved very early during evolution, the threedimensional structure of the ␣-subunit of APS reductase most likely resembles the ancestor of this group of flavoenzymes. The structure of the ␤-subunit can be subdivided into three segments (Fig. 1) . The fold of the first segment (B1-68) is highly similar to that found in bacterial ferredoxins (21) Fig. 2A ), Desulfovibrio gigas (23) , and Sulfolobus acidocaldarius (24) are 1.1, 1.7, and 1.4 Å for 85, 85, and 94% of the C ␣ atoms, respectively. In contrast, the second and especially the third segment are quite unusual and have not been observed yet in combination with a ferredoxin-like protein. The second segment (B69-104) of the ␤-subunit consists of a three-stranded antiparallel ␤-sheet, which constitutes an interface to the ␣-subunit. The third segment is composed of 44 amino acids forming a tail with a length of 50 Å that wraps around the ␣-subunit. This segment increases the contact surface between the ␣-and ␤-subunit to 4,300 Å (2) compared with an interface of 2,000 Å (2) formed by the first two segments. Although this C-terminal tail exhibits no secondary structure, the temperature factors of its residues are remarkably low, revealing that this segment is anchored firmly to the ␣-subunit. Obviously the tight interaction of the third segment of the ␤-subunit to the ␣-subunit establishes a stable heterodimer formation (Fig. 1) . Such a tightening of the subunit interaction by a rather unordered segment is observed also in the structure of the human electron transfer flavoprotein (25) . By comparison with most ferredoxins the two [4Fe-4S] centers of APS reductase differ significantly in their reduction potentials, Ϫ60 mV for cluster I and ϷϪ500 mV for cluster II (ref. 26 ; G.F., T.B., and P.M.H.K., unpublished data). Both [4Fe-4S] clusters have the shape of a distorted cube and the iron-iron, iron-sulfur, and sulfur-sulfur distances are similar compared with each other and with values of other ferredoxins (22, 24) . However, the environment of the two clusters is significantly different (Fig. 2B) . Recent studies indicate that local dipoles in close proximity to the cluster largely modulate the reduction potential. After electron uptake the extra negative charge will be localized predominantly on both the acid-labile sulfur and cysteinyl sulfur atoms (27) . The reduced state is stabilized by NH-S hydrogen bonds (28) and backbone amide dipoles (29) shifting the reduction potential to more positive values. The sulfur atoms of cluster I exhibit 17 interactions with backbone amides at a distance of less than 3.5 Å vs. 7 amides in the proximity of the sulfur atoms of cluster II. In addition, one acid-labile sulfur of cluster II comes very close (3.0 Å) to the carboxylate oxygen of Asp-B11, which provides a negatively charged surrounding, appropriate to stabilize the oxidized state (Fig. 2B) . This feature has not been observed thus far in the known structures of ferredoxins. Thus, the substantially increased number of polar interactions between cluster I compared with cluster II and the protein matrix can explain the high reduction potential of cluster I of Ϫ60 mV and the low potential of cluster II of ϷϪ500 mV.
The APSR-Red and APSR-Sulfite States. A pronounced feature in the APSR-red structure is the substantial bend of the isoalloxazine ring along the N5-N10 axis caused by a shift of the dimethyl and pyrimidine rings toward the si-face of FAD by an angle of 25° (  Fig. 3A) . This butterfly arrangement is better compatible with FAD in the reduced state (30) . According to molecular orbital calculations, the optimal bending angle is 15-30°for the reduced and 0-10°for the oxidized isoalloxazine ring. Distortions from this optimal bending angle are not expensive energetically, in particular not for the reduced form of FAD (31, 32), but they can affect the reduction potential (33) . Thus, the adjacent protein matrix presumably can exert a considerable influence on the bending angle whereby a flat conformation of FAD favors the oxidized state, and a bent conformation favors the reduced state. The butterfly conformation of the isoalloxazine ring in APS reductase is enforced by several polar and hydrophobic van der Waals contacts to the polypeptide chain. On the re-face, Asn-A74 and Trp-A234 push the pyrimidine ring and dimethylbenzene ring of isoalloxazine, whereas Leu-A70 on the si-face of FAD points toward the pyrazine ring. The induced stabilization of the reduced form of FAD agrees well with the reduction potential of Ϫ45 mV of FAD in APS reductase (G.F., T.B. and P.M.H.K., unpublished data) vs. ϷϪ220 mV of free FAD. A comparison between the APSR-sulfite and the APSR-red structures revealed roughly identical overall structures and geometries of the [4Fe-4S] clusters. Again, the isoalloxazine ring in the APSR-sulfite state shows the butterfly conformation (27°). The APSR-sulfite structure shows a sulfite molecule covalently linked to the N5 atom of the isoalloxazine ring. Because the N5 atom is in an sp 3 configuration, the sulfite is positioned out of the ring plane toward the re-face of FAD (Fig. 3B) . The sulfite moiety presumably is unprotonated, which is compatible with its sulfate character and the type of the contacting atoms (Fig. 3B) . Sulfite oxygen atom O1 is hydrogen-bonded to the side chain amide nitrogen of Asn-A74, the oxygen atom O2 forms a strong salt bridge to His-A398, and the oxygen atom O3 is connected via a water molecule to Arg-A265 and Trp-A234. The covalent binding of sulfite hardly induces any conformational change in the surrounding polypeptide chain, except the guanidyl group of Arg-A265 moves Ϸ0.3 Å toward the sulfite moiety, and the imidazole ring of His-A398 moves Ϸ0.3 Å away from it.
The Catalytic Reaction. The reduction of APS requires two electrons that have to be transferred to the buried FAD over 30 Å via cluster II at the surface of the protein and cluster I (Fig. 4) . Electron transfer between the unknown physiological electron donor and cluster II requires the docking of the donor to the protein surface adjacent to cluster II. Sequence comparisons indicate that the potential interface region that includes a flexible loop between Cys-B13 and Arg-B18 is conserved in APS reductases of the sulfate-reducing organisms but not in the enzyme of the sulfur-oxidizing Allochromatium vinosum in which the loop is absent. This observation supports the view that different redox partners interact with APS reductase depending on whether APS reduction or oxidation of sulfite and AMP is catalyzed. The distances between the redox centers in APS reductase are appropriate for effective electron transfer (34) . The [4Fe-4S] clusters I and II have an edge-to-edge distance of 9.7 Å; the distance between the S3 of cluster I and the methyl group C8M of FAD is 12.4 Å (Fig. 4) . The strictly conserved Trp-B48 is located between the two cofactors in van der Waals contact to both centers (Fig. 2 A) . The indole ring of Trp-B48 is locked in its position by a hydrogen bond to the carbonyl oxygen of Thr-A233 and by aromatic interactions to Arg-A232. Tryptophan residues between two redox centers are suited especially for electron transfer, as documented in the photosynthetic reaction center (35) and cytochrome peroxidase-cytochrome c complex (36) . The active site of APS reductase is buried deeply in the protein interior and is accessible only from the outside through a 17-Å-long channel with a diameter of Ϸ10 Å (Fig. 4) . The channel is formed at the interface between the FAD-binding and capping domains. The opening of the channel is lined up by an excess of positively charged residues (Arg-A83, Lys-A281, Lys-A283, Arg-A317) that might provide a selection for anions such as sulfite, AMP, or APS. The bottom of the channel accommodates the binding pocket of the isoalloxazine ring (Fig.  4) . The substrate-binding site is formed in front of the re-face of FAD by His-A398, Trp-A234, Arg-A265, Val-A273, Gly-A274, Glu-A141, Gln-A145, Asn-A74, and Phe-A448. The analysis of the active sites of APSR-red and APSR-sulfite structures supports the proposed mechanism of the APS reduction (ref. 26 ; G.F., T.B., and P.M.H.K., unpublished data) outlined in Fig. 5 . The reaction cycle is initiated by reduction of FAD to FADH 2 and subsequent binding of APS. Atom N5 FADH 2 attacks the sulfur of the APS to form a FAD-APS adduct. The proposed intermediate decomposes spontaneously to AMP and the APSR-sulfite, and sulfite becomes liberated. Presumably, the key step in the reaction cycle is the formation of the FAD-APS intermediate that would be facilitated if the atom N5 of FAD becomes more nucleophilic and the sulfate sulfur becomes more electrophilic. Furthermore, this first step could be driven through electrostatic stabilization of the negatively charged FAD-APS intermediate by the surrounding polypeptide matrix.
The nucleophilicity of the N5 atom of FAD might be increased as a consequence of the deprotonation of the atom N1 in the APSR-red state. The resulting negative charge becomes delocalized primarily over the N1OCAO2 group (37) but also over the entire isoalloxazine ring including atom N5. The counterbalancing positive charge necessary to maintain the unprotonated state is provided by two hydrogen bonds donated from the polypeptide to the O2 atom of FAD and by the large dipole of a 30-Å-long helix that is pointing with its N terminus directly toward the N1 atom.
Active site residues around the sulfate moiety stabilize the FAD-APS and FAD-sulfite states. The structural analysis attributes a crucial role to the charged side chains of Arg-A265 and His-A398. The guanidyl group of Arg-A265 protrudes from the capping domain into the active site channel and is ideally suited to bind both the sulfate and phosphate groups of APS. The movement of the side chain toward the sulfite moiety in the APSR-sulfite compared with the APSR-red state indicates that the position of this conformationally flexible arm might be tuned to compensate optimally for the negative charges. The positively charged side chain of His-A398 is flanked by the two aromatic rings of Trp-A234 and Phe-A448 thereby imposing a specific conformation of the imidazole ring (Fig. 3B) . The imidazole ring points directly to the sulfite moiety of the APSR-sulfite and forms a nearly ideal hydrogen bond to one sulfite oxygen. Furthermore, His-A398 might act as a proton donor to sulfite during cleavage (Fig. 5) . The proposed formation of the covalent FAD-APS intermediate (Fig. 5B) is facilitated by the release of the proton at the atom N5 of FAD. However, there is no attractive proton acceptor in the vicinity. It is possible that a firmly bound water molecule (water 7001) located 3.8 Å away from the N5 atom acts as the proton acceptor. The basicity of this water molecule is significantly increased because of the hydrogen bond network comprising the side chain amide of Asn-A74 and the carboxylate side chain of Glu-A141 and Asp-A361 (Fig. 3B) .
Comparison of the ␣-Subunit of APS Reductase with the Flavoprotein
Subunit of Fumarate Reductase. Structural alignments of the ␣-subunit of APS reductase with several members of the fumarate reductase family revealed a highly similar overall fold between the two classes of enzymes. Major changes were observed in the loops carrying the active site residues of both enzymes, which are responsible for substrate binding, catalysis, and conformation of FAD (Fig. 6) . In particular, the isoalloxazine in fumarate reductase is planar compared with the bent isoalloxazine in APS reductase. In view of the similarity of the ␣-subunits of APS reductase and fumarate reductase, it is tempting to suggest that both subunits have a common ancestor resembling archaeal APS reductase. The insertion of a seven-residue-long loop that is strictly conserved in fumarate reductases into the active site of an ancestral APS reductase might have a pronounced impact on the conformation of the isoalloxazine ring. In APS reductase from A. fulgidus, such an inserted loop would cause His-A398 to move toward a position occupied by His-A369 in the case of fumarate reductase (numbering according to W. succinogenes). Consequently, movement of His-A398 would displace Trp-A234, one of the residues in APS reductase, which keeps the isoalloxazine moiety in its bent conformation (Fig. 6) . Thus, the introduction of a seven-amino acid loop into the active site of an ancestral APS reductase could result in a planar isoalloxazine ring, concomitant with a negative shift in reduction potential as required for fumarate reduction (38) . The comparison of APS and fumarate reductases provides an instructive example, by which means different biochemical reactions are accomplished by highly similar protein scaffolds mainly through the redesign of loop structures.
In conclusion, the three-dimensional structure of APS reductase presented here adds important information to our understanding of how the reduction potential and reactivity of FAD and FeS centers are finely tuned by the protein structure.
